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Predictions of relatively large cross sections (of about 1 picobarn) for synthesis of super heavy nuclei 
of Z = 122 and Z = 124 in cold fusion (1n) reactions of symmetric 154Sm + 150Nd and 154Sm + 154Sm 
systems by R.K. Choudhury and Y.K. Gupta (2014) [1] are examined. The authors state that this result had 
been obtained by using the fusion-by-diffusion (FBD) model. As predictions of the original FBD model 
of Swiatecki, Cap, Siwek-Wilczyn´ska and Wilczyn´ski had been deﬁnitely pessimistic regarding fusion 
of more symmetric systems (in comparison with equivalent asymmetric systems), we feel compelled 
to present excitation functions of the 154Sm(150Nd, 1n)303122 and 154Sm(154Sm, 1n)307124 reactions, 
calculated within the original fusion-by-diffusion model. In accordance with our earlier predictions of a 
general trend of fusion hindrance for near-symmetric systems, the cross sections for synthesis of 303122 
and 307124 nuclides in fusion of these two symmetric systems are found to be extremely small and 
probably never reachable: about 10−11 pb and 10−13 pb, respectively. It is shown that Choudhury and 
Gupta obtained their results (overestimating the cross sections by 11 and 13 orders of magnitude) as an 
effect of an arbitrary and physically unjustiﬁed interference in the FBD model.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
R.K. Choudhury and Y.K. Gupta have published in Phys. Lett. B 
an article [1] predicting large enough to be measured cross sec-
tions (about 1 pb) for synthesis of super-heavy nuclei of Z =
122 and Z = 124 in cold fusion reactions of symmetric systems: 
154Sm(150Nd, 1n)303122 and 154Sm(154Sm, 1n)307124, respectively. 
Surprisingly, the authors of [1] state that they reached this conclu-
sion within the fusion-by-diffusion (FBD) model [2,3] which was 
known of predicting the smallest cross sections for fusion of the 
most symmetric combinations of the target and projectile (for a 
given Z of the compound nucleus) [2]. We dispute such a con-
troversial implementation of the FBD model. The publication of 
this unrealistic but maybe attractive prediction in Physics Letters B 
may mislead some experimenters prompting them to perform long 
and hopeless experiments. Besides, publication of these incorrect 
results as FBD model predictions may undermine the reputation 
of the fusion-by-diffusion model. Therefore we feel compelled to 
present predictions for the cross sections in question correctly cal-
culated according to the original FBD model, and give account of 
* Corresponding author.http://dx.doi.org/10.1016/j.physletb.2014.07.062
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.main errors in the improper use of the FBD model by Choudhury 
and Gupta.
2. Fusion of symmetric and asymmetric systems in FBD model
Due to very large negative Q -values (exceeding the height of 
the Coulomb barrier) for fusion of symmetric systems, even the 
one-neutron-out (cold fusion) reactions, 154Sm(150Nd, 1n)303122 
and 154Sm(154Sm, 1n)307124, can occur only at kinetic energies 
well above the Coulomb barrier. Consequently, quite large values 
of angular momentum are then involved in the capture/fusion pro-
cess. Therefore the standard l-dependent version of the FBD model 
[3] should necessarily be used to calculate synthesis excitation 
functions for these two reactions.
In the angular-momentum-dependent version [3] of the FBD 
model, the partial evaporation-residue cross section σER(Ec.m., l)
is factorized as the product of the partial capture cross sec-
tion σcap(Ec.m., l) = πλ-2(2l + 1)T (Ec.m., l), the fusion probability 
Pfus(Ec.m., l) and the survival probability Psurv(Ec.m., l). Thus
σER(Ec.m.) = πλ-2
∞∑
l=0
(2l + 1)T (Ec.m., l)
· Pfus(Ec.m., l) · Psurv(Ec.m., l), (1) under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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wave length, λ-2 = h¯2/2μEc.m. , and μ is the reduced mass of the 
colliding system.
The capture transmission coeﬃcients T (Ec.m., l) are taken in 
simple sharp cut-off approximation: T (l) = 1 for l ≤ lmax, and 
T (l) = 0 for l > lmax, where lmax is calculated from a value of the 
capture cross section σcap(Ec.m.), i.e. the cross section of overcom-
ing the entrance-channel Coulomb barrier at a given bombarding 
energy Ec.m. ,
σcap(Ec.m.) = πλ-2
lmax∑
l=0
(2l + 1) = πλ-2(lmax + 1)2. (2)
The capture cross sections σcap(Ec.m.) are calculated by using the 
so-called “diffused-barrier formula” that was derived [2,4] assum-
ing a Gaussian distribution of barriers around a mean value B0, 
within the formalism of effective barrier distributions. Parameters 
of the diffused-barrier formula are empirical, obtained from analy-
sis of fusion excitation functions for about 50 nuclear systems [4]. 
The parametrization of the diffused-barrier formula accounts for 
ground-state deformations of the fusing nuclei. Thus the effect of 
sub-barrier enhancement of the capture cross section for deformed 
target and/or projectile nuclei is automatically included in the cal-
culated σcap values.
The last factor in Eq. (1), the survival probability Psurv(Ec.m., l), 
is the probability for the compound nucleus to decay to the ground 
state of the ﬁnal residual nucleus via evaporation of light par-
ticles and γ rays, thus avoiding ﬁssion. Psurv is calculated with 
standard statistical-model expressions using the Weisskopf formula 
for the particle (neutron) emission width Γn , and the conven-
tional transition-state-theory formula for the ﬁssion width Γ f . In 
version [3] of the FBD model, the ﬁssion barrier B f is taken as 
minus the ground-state shell effect, Eshell(g.s.) , corrected by the 
macroscopic deformation energy Edef (sd) at saddle conﬁguration: 
B f = −Eshell(g.s.) + Edef (sd) . Ground-state shell corrections of Möller 
et al. [5] are used. The level density parameters an and a f for neu-
tron evaporation and ﬁssion channels are calculated as proposed 
by Reisdorf [6], with shell effects accounted for by the Ignatyuk 
formula [7].
The fusion probability Pfus(Ec.m., l) in Eq. (1) is the probability 
that the colliding system, after reaching the capture conﬁguration 
(sticking), will eventually overcome the saddle point and fuse, thus 
avoiding reseparation. Cross sections for synthesis of superheavy 
nuclei are dramatically small because the fusion probability Pfus is 
hindered, often by many orders of magnitude, due to the fact that 
the saddle conﬁguration of very heavy compound nuclei is more 
compact than the conﬁguration of two colliding nuclei at sticking. 
In the scenario of the FBD model, the radial motion of the ap-
proaching nuclei stops at a distance equal approximately to the 
sum of radii of these nuclei (or at a somewhat larger distance in 
case of a sub-barrier collision). At that stage of the reaction, a neck 
connecting the two nuclei starts growing very rapidly due to large 
savings in surface energy in this process of ﬁlling the crevice be-
tween the touching nuclei. This “neck zip” occurs at approximately 
a ﬁxed mass asymmetry of the initial conﬁguration and at prac-
tically constant length of the system. (A small amount of nuclear 
matter is suﬃcient to ﬁll the crevice between the touching nuclei. 
This is why the total length of the combined system remains ap-
proximately constant.) The neck zip leads the system towards the 
bottom of the ﬁssion valley for asymmetry of the initial conﬁgura-
tion. This is the “injection point” from where, in most events, the 
system just continues to move down the asymmetric ﬁssion valley 
towards scission (reseparation). The only chance for fusion and for-
mation of a compound nucleus is to climb from the injection point uphill over the saddle conﬁguration in the process of thermal ﬂuc-
tuations in shape degrees of freedom.
By solving the Smoluchowski diffusion equation, it was shown 
in Ref. [8] that the probability of overcoming a parabolic barrier 
for the system injected on the outside of the saddle point at an 
energy H below the saddle is:
Pfus = 12 (1− erf
√
H/T ), (3)
where T is the temperature of the fusing system. The energy 
threshold H opposing fusion is thus the difference between the 
potential energy of the saddle point, Esaddle , and the potential en-
ergy of the combined system at the injection point, Einj , both in-
cluding rotational energy terms. Einj is calculated using algebraic 
expressions given in Ref. [3] which approximate the potential en-
ergy surface along the ﬁssion valley.
All details regarding the calculations of the capture cross sec-
tions σcap , survival probabilities Psurv and stochastic fusion barriers 
H determining the fusion probabilities Pfus , can be found in [3].
It is diﬃcult to precisely determine on purely theoretical 
grounds the location of the injection point along the ﬁssion val-
ley. According to the scenario presented above, the total length 
of the system at the conﬁguration of the injection point should 
be approximately the sum of diameters of the colliding nuclei (or 
somewhat larger in case of sub-barrier collisions). Geometry of the 
injection-point conﬁguration could be determined more precisely 
in the empirical way by collecting the systematics of the injection 
point distances, sinj , obtained [3] from analysis of the available 27 
excitation functions for production of super-heavy nuclei in cold 
fusion (1n), mostly sub-barrier reactions, for systems ranging from 
48,50Ti + 208Pb to 70Zn + 209Pb. The variable s is deﬁned as the 
excess of length of the system at a given conﬁguration over the 
sum of the projectile and target diameters, so for the touching 
conﬁguration s = 0. It was found in [3] that the empirically deter-
mined injection point distances for this set of reactions vary in the 
range sinj = 1.8–3.8 fm, that means that the injection takes place 
for shapes slightly longer than those for the touching conﬁgura-
tion, in agreement with the theoretical scenario discussed above. 
In the l-independent FBD model [2], a constant mean value of the 
empirically determined sinj-distances was used to predict excita-
tion functions for not yet studied systems. For the l-dependent 
model [3], a “ﬁne tuning” correction to the sinj = const option was 
proposed in form of a linear parametrization,
sinj ≈ 2.30 fm− 0.062(Ec.m.–B0) fm/MeV, (4)
accounting for a trend of slightly decreasing sinj with increasing 
the excess of energy above the Coulomb barrier, Ec.m.–B0, observed 
at sub-barrier energies (see Fig. 1). Obviously, this parametrization 
was expected to be used for interpolation rather than extrapolation 
far beyond the explored range of Ec.m.–B0 values, especially if the 
extrapolation would lead below the physically acceptable limit [2]
of the touching conﬁguration s = 0.
Coming to the question of prospects for synthesis of super-
heavy nuclei in fusion of nearly symmetric systems, one has to 
note that a key role in that question is played by the factor of 
hindrance of the fusion process, and speciﬁcally, the height of the 
barrier H that the fusing system must overcome in the stochastic
process of shape rearrangement from the injection-point conﬁg-
uration to the saddle-point conﬁguration. As was pointed out in 
[2,3], the barriers H for experimentally explored cold fusion reac-
tions range from about 2 MeV for relatively light and asymmetric 
systems such as Ti + Pb (Z = 104) up to about 7 MeV for a heav-
ier and more symmetric system Bi + Zn (Z = 113). These barriers 
result in a considerable hindrance of the fusion probability Pfus
480 T. Cap et al. / Physics Letters B 736 (2014) 478–481Fig. 1. The injection point distances sinj deduced in [3] from analysis of 27 excitation 
functions of cold fusion reactions measured in GSI Darmstadt (red symbols), LBNL 
Berkeley (black symbols) and RIKEN Tokyo (blue symbols). For references to the ex-
periments see [3]. The sinj values are plotted as a function of the excess of kinetic 
energy above the Coulomb barrier, Ec.m.–B0. Black solid line shows the least-square 
linear ﬁt, sinj ≈ 2.30 fm− 0.062(Ec.m.–B0) fm/MeV, determined in [3]. An open cir-
cle with upward-pointing arrow indicates the lower limit of sinj corresponding to 
the upper limit of cross section (4 pb) for production of 271Hs (Z = 108) in the 
136Xe + 136Xe reaction, determined in Dubna experiments [10]. Green horizon-
tal bars with upward-pointing arrows show the lower limits of sinj for the 154Sm 
+ 150Nd and 154Sm + 154Sm reactions deduced from nucleus-nucleus dynamics 
calculations HICOL of Feldmeier [11]. The sub-set of data arbitrarily selected by 
Choudhury and Gupta in [1] and their extrapolation line are shown in red. (For 
interpretation of the references to color in this ﬁgure legend, the reader is referred 
to the web version of this article.)
by two to six orders of magnitude, respectively. Predictions (see 
Figs. 22 and 23 in [2]) for synthesis of still heavier nuclei by fu-
sion of more symmetric systems such as Se + Pb (Z = 116) and 
Kr + Pb (Z = 118) were very pessimistic: the barrier H ≈ 16 MeV
and the resulting fusion hindrance by almost 10 orders of magni-
tude for the latter reaction. Not surprisingly, the heaviest known 
elements of Z = 114–118 were synthesized by Oganessian and his 
team [9] not in cold fusion, but in hot fusion reactions involving 
the most asymmetric combinations of the chosen projectile (48Ca) 
and the corresponding heavy actinide targets, even at the cost of 
the decreased survival probability caused by the necessity of mul-
tiple neutron emission.
With the arguments mentioned above, it was obvious (at least 
since the publication of Ref. [2]) that attempts to produce new 
super-heavy nuclei in fusion of symmetric systems would be com-
pletely hopeless. Therefore the prediction [1] of measurable cross 
sections (1 pb) for the 154Sm(150Nd, 1n)303122 and 154Sm(154Sm, 
1n)307124 reactions, based allegedly on the FBD model, seems to 
be dramatically incorrect. In the next section we outline the main 
errors in the calculations of Choudhury and Gupta. Right now, we 
are going to present results of our calculations for these two re-
actions, obtained with the standard version of the FBD model [3]
outlined above.
The key factor for reasonable predictions of cross sections of 
the 154Sm(150Nd, 1n)303122 and 154Sm(154Sm, 1n)307124 reactions 
is a reliable estimation of the injection point parameter sinj for 
these reactions. Both these reactions are expected to occur well 
above the Coulomb barrier, Ec.m.–B0 ≈ 23 and 26 MeV, respec-
tively. Therefore the use of systematics shown in Fig. 1 would 
require a very far and therefore unreliable extrapolation of the 
linear function of Eq. (4). Fortunately, validity of such a far ex-
trapolation has got support from the measurement of the upper 
limit of the cross section (4 pb) for production of 271Hs (Z = 108) 
in the 136Xe + 136Xe reaction [10] that gives a lower limit for 
sinj at Ec.m.–B0 ≈ 15 MeV. (See Fig. 1.) An additional argument in 
support of the extrapolation of Eq. (4) up to Ec.m.–B0 ≈ 25 MeV
comes from realistic nucleus–nucleus dynamics calculations within 
the model of Feldmeier [11]. By using the code HICOL, we directly Fig. 2. Predictions of excitation functions for synthesis of superheavy nuclei of 
Z = 122 and Z = 124 in fusion of symmetric 154Sm + 150Nd and 154Sm + 154Sm 
systems, calculated with the standard FBD model [3] (solid lines), compared with 
results of calculations of Choudhury and Gupta [1] (dashed lines), see text.
calculated the minimum length of the colliding, nonfusing system 
for both reactions. This minimum length transforms to the lower 
limit of sinj-values for these reactions, also shown in Fig. 1.
Having the validity of the parametrization of Eq. (4) con-
ﬁrmed for energies well above the Coulomb barrier, in Fig. 2
we show excitation functions for the 154Sm(150Nd, 1n)303122 and 
154Sm(154Sm, 1n)307124 reactions calculated with the standard 
version of the FBD model [3]. In accordance with expectations, 
thus calculated cross sections have been found on an unattainable 
level of 10−11 and 10−13 picobarn (pb), respectively. This is the 
consequence of very high fusion barriers H = 22–24 MeV, which 
the fusing (symmetric) system sees from the injection point. For 
comparison, Fig. 2 also shows the results of Choudhury and Gupta 
[1]. One can see that their results are overestimated, respectively, 
by 11 and 13 orders of magnitude.
It should be noted here that the unexpectedly large cross sec-
tions obtained by Choudhury and Gupta cannot be related with 
large ground-state deformations of the target and projectile nu-
clei (Nd, Sm, Gd) considered in [1], the feature emphasized several 
times in [1]. The large static deformations of the fusing nuclei can 
inﬂuence only the effective width of the Coulomb barrier distri-
bution (accounted for in the FBD model). This phenomenological 
equivalent of the coupled-channel effects leads to a strong en-
hancement of the fusion/capture cross section at deeply sub-barrier
energies, but does not enhance the cross section at energies above
the Coulomb barrier (what is the case in the considered fusion re-
actions of the rare earth nuclei).
3. What was wrong with calculations of Choudhury and Gupta?
Choudhury and Gupta have copied most of formulae in [1] from 
our paper [3] on the l-dependent fusion-by-diffusion model. Unfor-
tunately, the implementation of their own modiﬁcations are phys-
ically incorrect, as discussed below.
First of all, the authors of [1] invalidly mixed in their Eqs. (1)–(3)
fragments of formulae taken from the l-dependent model [3] with 
the old version of the FBD model [2] (which was aimed at the de-
scription of sub-barrier cold fusion reactions, and was therefore 
formulated in the l-independent way). It is impossible to under-
stand the rationale behind combining expressions (1) and (2) in 
Ref. [1] and explaining that Eq. (3) results from “replacement of 
the summation with integration”. Examining Eqs. (1)–(3) in [1] one 
can presume that Choudhury and Gupta have reduced all the for-
mulae from the l-dependent version [3] to the form independent 
of l, similar to [2]. However, as mentioned earlier, even the one-
neutron-out reactions, 154Sm(150Nd, 1n)303122 and 154Sm(154Sm, 
1n)307124, are not sub-barrier, and consequently, a signiﬁcant 
amount of rotational energy is present in the balance of excitation 
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riers H . Therefore, by disregarding the rotational energy in their 
calculations, Choudhury and Gupta right away introduced a source 
of serious errors.
Authors of [1] did not follow the prescription for calculating ﬁs-
sion barriers B f given in [3], but assumed that the ﬁssion barrier 
B f equals to minus the ground-state shell effect, B f = −Eshell(g.s.) . 
This rough approximation is acceptable only for the compound nu-
clei of Z = 100–105, for which the macroscopic ﬁssion barrier just 
vanishes [12]. However, for heavier compound nuclei, which are 
stabilized only by shell effects, the macroscopic energy at the sad-
dle conﬁguration becomes signiﬁcantly lower than the macroscopic 
energy for a spherical shape. This macroscopic deformation energy 
term was neglected in [1].
Authors of [1] made one more evidently wrong modiﬁcation of 
the FBD model by introducing a dependence of the ﬁssion barrier 
height on excitation energy, interpreted as the effect of damping of 
shell effects. Writing Eq. (12) in [1], authors did not realize how-
ever that the same physical effect is accounted for already in the 
previous formula, Eq. (11), taken from [3]. The dependence of the 
level density parameter on excitation energy in the FBD model [2,
3] reﬂects exactly the same physics as the lowering of the ﬁssion 
barrier in other models of ﬁssion, not based on the transition-state 
theory. Choudhury and Gupta simply double-counted the effect of 
damping of shell effects: once by using Eq. (11) and second time – 
by using Eq. (12).
Needless to say, all the pointed out above departures from the 
FBD model must have resulted in considerable errors of the numer-
ical results. Authors of [1] do not discuss how sensitive the results 
of their calculations to the neglected values of the rotational en-
ergy and incorrectly evaluated ﬁssion barriers actually were. (Every 
MeV in the available excitation energy makes approximately one 
order of magnitude difference in the cross section. A comparable 
effect of one order of magnitude in the cross section is caused by 
less than 2 MeV difference in height of the fusion barrier H .)
The most devastating consequences resulted however from an 
unacceptable treatment in [1] of the injection-distance parame-
ter sinj , which caused huge errors in estimates of the barrier H
opposing fusion. Choudhury and Gupta did not derive the model-
deduced “calibrating” sinj points from an analysis of the avail-
able experimental data by using their own version of the model 
(as they should do to obtain the calibrating sinj points consis-
tent with their model). Instead, they modiﬁed the parametriza-
tion of sinj taken from [3] (based on the calibrating points de-
termined with the original l-dependent FBD model, not used by 
them). Moreover, they discarded more than half of the data points 
used in [3] with the explanation that the other points “were 
scattered”. This arbitrary selection of data points is marked in 
Fig. 1 and the resulting linear ﬁt is shown there also. As seen 
from Fig. 1, the range of Ec.m.–B0 values covered by this re-
duced set of data has been dramatically narrowed, while the calculation for the 154Sm + 150Nd and 154Sm + 154Sm reac-
tions required very far extrapolation beyond that range. To reach 
the values of Ec.m.–B0 corresponding to the 154Sm + 150Nd and 
154Sm + 154Sm reactions, the parametrization adopted in [1] had 
to be extrapolated to completely unrealistic negative values of 
the parameter sinj which would correspond to a very large over-
lap of the density distributions at the sticking stage, an effect 
that is absolutely impossible in nuclear collisions at such low 
kinetic energies. Assuming those negative sinj values, Choudhury 
and Gupta neglected the basic topology of the FBD model re-
ﬂecting the physics of the neck-zipping process that leads very 
heavy colliding systems from the sticking-point conﬁguration di-
rectly to the injection point conﬁguration at an approximately 
constant length of the system [2,3]. Finally, let us note that Choud-
hury and Gupta did not comment on the consequences deriv-
ing from the experimental result for another symmetric system
136Xe + 136Xe [10] on their parametrization. (This important for a 
safer extrapolation result was cited in [1] and therefore was known 
to the authors.) With no regard to all this, they nevertheless car-
ried out their calculations assuming sinj values such as −3 fm, 
−4 fm and −5 fm.
Accepting the unphysical negative values of the injection-
distance parameter sinj , Choudhury and Gupta obtained a com-
pletely wrong location of the injection point in the potential en-
ergy surface. Consequently, their fusion barriers H have decreased 
from about 22–24 MeV (see Section 2) to a mere 3–6 MeV. As 
one can easily see from Eq. (3), for fusion processes in which 
the barrier must be climbed over stochastically, so large an error 
in determination of the fusion barrier H results in misprediction 
of the fusion probability by many orders of magnitude. This is 
the main cause of such large cross sections obtained in [1] for 
the 154Sm(150Nd, 1n)303122 and 154Sm(154Sm, 1n)307124 reactions, 
overestimated by Choudhury and Gupta by 11–13 orders of mag-
nitude.
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